Introduction ficking to the plasma membrane while surface expression is restored by ablation of the dibasic site or restituNewly synthesized proteins destined for membrane extion of 14-3-3␤ binding on the channel C terminus, for pression fold within the endoplasmic reticulum (ER) and example, by creation of a classical 14-3-3 site as found travel forward through the cis-golgi complex (Ellgaard in Raf1 kinase (-RSAS P EP). A mechanism is suggested et al., 1999; Mellman and Warren, 2000) . Misfolded or by demonstration that (despite separation of retention resident proteins that escape the ER are retrieved into and release motifs in the KCNK3 primary sequence) the COPI-coated vesicles for retrograde transport (Letourchannels bind ␤-COP or 14-3-3␤ in mutually exclusive neur et al., 1994; Gaynor and Emr, 1997). COPI vesicles fashion. operate with notable specificity, recovering proteins
The presence of 14-3-3␤ binding motifs in other prothrough interaction with cytoplasmic dibasic "retrieval" teins subject to ER retention via dibasic signals suggests motifs (Nilsson et al., 1989; Teasdale and Jackson, 1996;  that operation of release sites may be common. FuncZerangue et al., 2001). How COPI vesicular machinery tional ␤-COP and 14-3-3␤ release motifs are demon-(a complex of at least seven proteins) differentiates strated in three other membrane proteins. KCNK9 chancargo for retention or forward transport is unknown. A nels are shown to bear an N-terminal retention site masking strategy has been proposed in cases where identical to that in KCNK3 and a similar C-terminal reexpression is limited to fully assembled heteromeric lease site (-RRKS P V). Nicotinic acetylcholine ␣4 subunits complexes: the retention signal on one subunit hidare shown to carry a dibasic motif analogous to a site den through assembly with its nonidentical partner(s) that retains skeletal muscle ␣ subunits in ER (Keller et (Klausner, 1990 Analysis using Sequest algorithms (NCBI) identify the proteins as 14-3-3␤ and 14-3-3⑀ with a probability close to or equal to 1. (D) Isolation of 14-3-3␤ from rat brain lysate by binding to phosphorylated KCNK3 peptide (RRSS P V) but not nonphosphorylated (RRSSV) peptide. Interacting proteins were eluted and separated by SDS-PAGE and visualized by Western blot analysis using a monoclonal antibody to 14-3-3␤ and ECL. Rat heart and skeletal muscle yield 14-3-3␤ by the same strategy (not shown). (E) KCNK3 channels were copurified from rat brain when a monoclonal antibody was used to immunoprecipitate (IP) 14-3-3␤ (top). KCNK3 channels purified in this manner are visualized by antibodies to phosphoserine (bottom). Proteins separated by SDS-PAGE and visualized by Western blot analysis using a polyclonal anti-KCNK3 or anti-phosphoserine (S P ) antibody, as indicated, and ECL. Control indicates immunoprecipitation with nonimmune mouse IgG. ER, and lead to 14-3-3 binding (Kuwana et al., 1998). dependent binding of 14-3-3 to the cargo, termination of COPI protein association, and release from ER retention. Inspection reveals that Iip35 carries a retention site (MHRRRSRSC-) adjacent to a variant release site (MHRRRSRS P C-). Here, we find that like KCNK3, Iip35
Results binds either ␤-COP or 14-3-3␤ in mutually exclusive fashion. When the terminus is not phosphorylated, KCNK3 Peptide Identifies 14-3-3␤ ␤-COP binds (even in the presence of 14-3-3␤); upon KCNK3 subunits are predicted to have cytoplasmic N phosphorylation, 14-3-3␤ binds and ␤-COP association and C termini, two pore loops, and four transmembrane is suppressed. segments ( Figure 1A ; ). The five A general mechanism for regulated anterograde trafcarboxy-terminal residues of KCNK3 (residues 390-ficking is thus suggested. That 14-3-3␤ binds to KCNK3 394, -RRSSV) contain a consensus site for phosphorylato inhibit association of ␤-COP leading to release of tion and suggest a potential PDZ-type binding motif. To homodimeric channels from ER retention, and that 14-probe the terminus for protein-protein interactions, a 3-3␤ binds to Iip35 invariant chains to suppress ␤-COP human heart cDNA library was screened by a yeast twobinding under conditions that stimulate forward traffickhybrid method using Gal4-based signaling and the last ing of heteromeric class II complexes (Anderson et al., 16 residues of human KCNK3 as bait. Screening pro-1999) indicates that forward transport of proteins with duced two independent isolates of the gene for 14-3-3␤ (GenBank accession number P31946) and the upstream dibasic retention motifs is favored by phosphorylation- (Table 1) . As 14-3-3 binding to classical motifs requires of 14-3-3␤ when located at a C terminus (Figure 2A) . phosphorylation, the first peptide carried serine at the Next, the KCNK3 site was shown to require its terminal penultimate position (-RRSSV), the second a phosphovaline since 14-3-3␤ did not bind to peptides terminatserine (-RRSS P V). The peptides were immobilized on ing -RRSS or -RRSS P (Figure 2A ). beads and incubated with homogenized, detergent-solubilized rat brain. After washing to remove weakly associated proteins, bound products were eluted with 1% KCNK3⌬V Channels Do Not Function sodium dodecylsulfate (SDS) and separated by polyTo assess the effect of 14-3-3␤ on KCNK3, function acrylamide electrophoresis (SDS-PAGE). Coomassie of channels expressed in Xenopus laevis oocytes was blue staining revealed that two major products bound studied by two-electrode voltage clamp. Wild-type only to the phosphorylated peptide ( Figure 1B ). These KCNK3 channels were first compared to mutants that products were identified by MALDI-MS analyses to be terminated like the peptides that bound 14-3-3␤ via the 14-3-3␤ and 14-3-3⑀ ( Figure 1C) . classical motif found in Raf1 (KCNK3-RSAS P EP). The As expected from studies of classical motifs (Muslin two channels produced currents that were indistinguishet al., 1996), antibody staining demonstrated that native able ( Figure 2B ). Thus, cells expressing wild-type 14-3-3␤ from rat brain or heart or skeletal muscle bound KCNK3 or KCNK3-RSAS P EP channels showed currents only to the phosphorylated KCNK3 peptide ( Figure 1D) . not seen in control cells and like those observed preIndicating association of native 14-3-3␤ and KCNK3 viously (Lopes et al., 2000 (Lopes et al., , 2001 . Currents produced by channels in vivo, the channels were copurified when a voltage steps showed a major component that appeared monoclonal antibody was used to immunoprecipitate to activate and deactivate instantaneously and a smaller 14-3-3␤ from rat brain ( Figure 1E, top) . The native KCNK3 time-dependent component ( Figure 2B ). The channels subunits purified with 14-3-3 were phosphorylated on also showed the same selectivity for potassium as serine ( Figure 1E, bottom) ; studies of cloned human judged by reversal potential (shifting 60mV Ϯ 1mV and KCNK3 channels (below) show that serine phosphoryla60mV Ϯ 2mV with a change in bath potassium from 5 tion and 14-3-3 binding occur on the C-terminal motif to 100 mM for mutant and wild-type, respectively, n ϭ of the intact channel.
6-8 cells). Moreover, in both cases acidification of the external medium from pH 7.4 to 6.5 produced nearly complete blockade ( Figure 2C ). In contrast, mutant KCNK3 The Final Valine Is Required to Bind 14-3-3␤ The 14-3-3 site in KCNK3 is like classical sites in requirsubunits that terminated like the peptide that could not bind 14-3-3␤ due to deletion of the final valine residue ing a phosphoserine but atypical both for lacking proline (KCNK3⌬V) produced no currents in the oocytes ( Figures  2B and 2C ). Furthermore, a variant KCNK3 C-terminal peptide with diminished but not absent 14-3-3␤ binding channels on the surface was not due to failure to synthe-(-RRS P SV) was associated with mutant KCNK3 chansize the protein; study of cells expressing HA-tagged nels that showed depressed but not ablated current wild-type and KCNK3⌬V channels by homogenization, (KCNK3-RRSAV, KCNK3-RQSSV, and KCNK3-QRSSV, SDS-PAGE, and Western blot analysis showed that siminot shown). These findings suggested that 14-3-3 was lar levels of the two proteins were produced ( Figure 3B ). required either to allow channels to reach the surface Since the biophysical attributes of HA-tagged KCNK3 or to operate once inserted into the plasma membrane. channels were the same as their untagged counterparts, it seemed unlikely the tag further interfered with function KCNK3⌬V Channels Do Not Reach the Surface of KCNK3⌬V channels ( Figures 3C and 3D) . A binding assay demonstrated that KCNK3⌬V subunits fail to reach the plasma membrane. A hemagglutinin An N-Terminal Dibasic Motif Holds KCNK3⌬V (HA) epitope tag was introduced into wild-type KCNK3 Channels inside the Cells and KCNK3⌬V after the second pore domain, a site KCNK3 subunits carry a potential ER retention motif, predicted to be exposed to the external milieu. Each KR, at positions 2-3. To examine whether the motif had oocyte was first studied by two-electrode voltage a role in failure of KCNK3⌬V subunits to reach the surclamp, and then channel protein on the surface of intact face, the residues were altered by mutation to NQ ( The HA immunoprecipitates were shown to contain two separable populations of KCNK3 subunits, one associated with ␤-COP, the other with 14-3-3␤, as follows KCNK3 Binds Either ␤-COP or 14-3-3␤ To confirm that ER retention of KCNK3 channels was ( Figure 5C ): a second immunoprecipitation step (IP2) to reisolate ␤-COP led to repurification of KCNK3 (left) and mediated via the N-terminal dibasic signal and the coa- ␤-COP (middle) but not 14-3-3␤ (right); conversely, IP2 54% identical to KCNK3 (the first nine residues of the to reisolate 14-3-3␤ yielded KCNK3 (left) and 14-3-3␤ two channels containing the KCNK3 dibasic retention (right) but not ␤-COP (middle). Failure to detect 14-3-3 motif are exactly alike) and predicted to have the same associated with KCNK3 in the ␤-COP IP2 indicated its membrane topology (Kim et al., 2000). As expected, depletion to less than 5% of levels carried by unfractionpeptides matching the wild-type KCNK9/KCNK3 N terated KCNK3 in IP1 (Experimental Procedures); depletion minus were found to bind ␤-COP from rat brain, whereas of ␤-COP in the 14-3-3 IP2 was similarly demonstrated peptides that disrupted the motif (and allowed NQto exceed 90%. These findings supported the conclu-KCNK3⌬V channels to escape ER retention) did not (Figsion that KCNK3 channels were held in ER via the COPI ure 6A, left). The C-terminal residues in KCNK9 subunits retention pathway and that phosphorylation-dependent (-RRKSV) are similar to those in KCNK3 (-RRSSV), and binding of 14-3-3 suppressed COPI association to facilithe peptide analogous to the KCNK9 terminus was demtate forward transport. onstrated, as anticipated, to bind 14-3-3␤ from rat brain when the penultimate serine was phosphorylated (Figure 6A, right) .
Release Motifs in KCNK9, ␣4, and Iip35
Neuronal nicotinic acetylcholine receptors (nAChR) To explore the idea that proteins other than KCNK3 are ligand-gated, nonselective cation channels and atmight employ a 14-3-3 release strategy, we studied peptain surface expression after homo-or heteropentamtides based on three plasma membrane subunits suberic assembly (McGehee, 1999) . Support for the operaject to ER retention by the COPI-dibasic signal pathway tion of ␤-COP retention and 14-3-3␤ release motifs in where prior studies had implicated phosphorylation and/or 14-3-3 in forward transport. KCNK9 channels are neuronal ␣4 subunits was obtained as follows. Skeletal 
14-3-3␤ Blocks ␤-COP Binding to Iip35
The Iip35 N terminus carries a basic retention motif, 14-3-3, leading to an increase of homomeric ␣4 complexes on the surface (a smaller effect was seen on MHRRRSRSC-, followed by a suspected 14-3-3 release site. Using rat brain as a source of native ␤-COP and heteromeric ␣4␤2 complexes). Consistent with their potential role as a KCNK3-like release site, these ␣4 resi-14-3-3␤, the nonphosphorylated terminus was found to bind a significant level of ␤-COP in the presence of 14-dues were also found to bind 14-3-3␤ from rat brain when phosphorylated, -RSLS P VQ- (Figure 6B, right) .
3-3␤ but not when the terminus was phosphorylated (MHRRRSRS P C-) ( Figure 6C, top) . Conversely, 14-3-3␤ Ii chains associate with newly synthesized class II molecules in ER to control their forward trafficking to bound only to the phosphorylated form of the N terminus ( Figure 6C, middle) . We suspected that poor binding antigen-processing compartments and prevent unwanted interaction of peptides with the class II binding of ␤-COP to the phosphorylated terminus was due to blocking of its binding site by 14-3-3␤. To test this idea, groove during passage through the secretory pathway (Roche, 1990; Teyton, 1990; Cresswell, 1994) . The oper-␤-COP binding was studied again using termini pretreated with recombinant human 14-3-3␤ synthesized ation of COPI retention and 14-3-3␤ release sites was strongly suggested by the observations that a dibasic and purified from E. coli. As expected, exposure to 14-3-3␤ did not alter ␤-COP binding to the nonphosmotif retains Iip35 in ER (Schutze et al., 1994) and that Although KCNK3 has multiple basic residues in its retention. The mechanistic basis for forward transport of KCNK3 appears to be mutually exclusive binding of C-terminal 14-3-3 binding site (-KRRSSV), they do not appear to play a direct role in ER retention as do those ␤-COP and 14-3-3␤. Functional ␤-COP retention and 14-3-3␤ release motifs are demonstrated in three other at the Iip35 N terminus. Thus, wild-type KCNK3 channels bind ␤-COP (Figure 5A, top) unless the N terminus is proteins (KCNK9 channels, ␣4 nicotinic acetylcholine receptors, and Iip35). Retention and release sites on ing, whereas ␣4␤2 receptors (thought to be the prominent in vivo species) can employ ␤2 masking and are the immune system protein are adjacent and 14-3-3␤ binding (rather than motif phosphorylation) is demonthus less sensitive to 14-3-3. strated to suppress ␤-COP binding. The findings show 14-3-3 to be a generic mediator of release from ER Iip35 Invariant Chains retention, expand recognized binding motifs for 14-3-3, Invariant chains play a critical role in trafficking of newly and suggest a mechanism for regulating forward trafsynthesized class II complexes to antigen-processing ficking of homomeric and heteromeric protein comcompartments. Iip35 is retained in ER by a dibasic motif plexes.
( staining was confirmed by double labeling with polyclonal antibodcentrifuged at 800 ϫ g for 10 min at 4ЊC. The resulting supernatant ies to transferrin receptor or PDI, respectively, and Texas-red conjuwas solubilized with 1% Triton X-100 for 1 hr and centrifuged for 1 gated goat-anti-rabbit antibodies. hr at 100,000 ϫ g at 4ЊC. The final supernatant was then passed over the various peptides immobilized on Sulfolink Gel (2 mg protein/ ml of coupled gel). The gel was washed with 6 bed volumes of Electrophysiology Ooctyes were isolated from Xenopus laevis frogs (Nasco, Atkinson, phosphate buffered saline (PBS) with 1% Triton X-100 and bound proteins were eluted with SDS-PAGE sample buffer and analyzed WI) treated with collagenase to ease removal of the follicular layer
